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: SECTION 1
PROJECT OBJECTIVES AND SIGNIFICANT RESULTS ;

RESEARCH OBJECTIVES g
The goal of this research: was to deve:op reliable. methods to measure the

dielectric permittivity of rocks at high frequencies and at high temperatures,
The real and imaginary parts of the dielectric constant wére determined for

three rock samples in the frequency range 10 MHz to. 4 GHz, Measurement

teraperature was varied from room temperature to 450°C, The temperature r

coefficient of the dieleciric constant was used to derive other rock thermc-
physical properties such as the coefficient of thermal expansion and the :
activation energy for ionic or vacancy diffusion in the rock. The data thus
obtained and their scientific analysis are relevant to-solving such practical
problems as. dielectric heating and rock fragmentation by electrothermal

methods.

SIGN"FICANT RESULTS

Determnination of the standing wave pattern in rock samples allowed measure-
ment of their electrical parameters in the frequency range 0.2 to 2 GHz. The
data. from.the slotted-line technique weére checked with those determined by
the conventional bridge~balancing techniques at the overlap frequency range; i
i, e., that range at which both methods are applicable.

Dielectric constants and dissipation factors were determined for three rock

samples over the 10 MHz to 2 GHz frequency range:, The rezal part, ’er’ , Of

the relative complex permittivity decreases slightly with increasing frequency

up to 20 MHz. From 0.2 to 2 GHz, er' increases slowly with frequency. The

2816-3001
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loss tangent, tan §, decreases slowly with frequency in the entire frequercy
ranga. Both the relative dielectric constant and the loss. factor increase

with temperature rise,

-Application of the Clausius-Mosotti relationship to the relative dielectric
coénstant of rocks allows an estimation .of their thermal coefficient of volume
expansion at a series of temperatures, This method, which is reported here
for the first time, may be used instead of the commonly used thermal dila-
tometric methods, especially for materials of low volume ex} (nsién coef=

ficient.

‘Rock conductivities have been calculated from the relative dielectric loss.
The variation with temperature of the rock conductivity appears to-be fitted
fc an activated concept of ionic diffusion in the lattice. The activation energy,
or the barrier height, for partick. motion in the rock lattice has been deter-
mined i6r basalt and granite and found to depend on the temperature range
‘but not on the frequency. An anomalous behavior was found in the-wvariation
with temperature of quartzite conductivity and was attributed to the evolution

of water from the rock microporeg,
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SECTION'1I
INTRODUCTION

REVIEW OF DIELECTRIC MEASUREMENT TECHNIQUES

LUMPED-CIRCUIT MEASUREMENTS

At frequencies from dc to about 109 Hz, complex. permittivi.y may be deter-~
minéd: by lumped-~-circuit measurements. That is, the sample in its holder
may be considered as part of a conventional R-L-C circuit. “[ypically,
dielectric measurements of solid specimens at low frequencies are made on
flat samples with parallel-plate electrodes.

Above 108‘ Hz the inductance of the electrodes can introduce serious measure-
ment errors. Using resonant-cavity techniques, the measurernent range
can be extended to about 109 Hz. Beyond this frequency the sample dimen-
sions are no longer negligible compared to the electrical wavelength, and
distributeéd-circuit measurements must be used. A section of waveguide or
transmission line which is partially filled with the specimen is typically
used at UHF and microwave frequencies., The principles of transmission-
line measurements follow directly from the relations involving e* and }1* in

the wave equations.

Coaxial transmission lines may be used for measurements at frequencies
for which the conductor spacing is small compared to a wavelength; at higher
frequancies it becomes necessary to use a hollow waveguide. Since the
geometric relations for a coaxial capacitor are well defined, a coaxial-line
sample holder may also be used for lumped-~circuit measurements at low
frequencies. The total measurement range of the coaxial-line technique

extends from near dc to above 4 GHz.

2816-3001
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< 1al 9. .
For this study, the required measurement range is 10" Hz to 4 x 10" Hz.
Measuarements of complex permittivity were performed at temperatures from

room temperature to 450°C. The coaxial-line technique is well suited for these

measurerhénts\because it not only covers the entire frequency range but is
also capable of witlistanding the severe environment of the high-temperature
measurements. Continuity of data is enhanced because the same rock speci-

inens can be measured at all temperatures and frequencies.

COAXIAL-LINE MEASUREMENTS

At frequencies for which ihe section of line which comprises the sample
holder is much less than one wavelength long, the holder may be considered
as a-coaxial capacitor, and its impedance Z at a frequency { is given by

)

2 G (2"1)
4mn fee 1L
oT

Z

Where b:and a are the radii of the outer and inner conductors, respectively,
4:is the length of the holder, and € is the permittivity of free space. (It

is assumed here that the specimen completely fills the sample holder and that
its permeability }1* =R, ) Conventional bridge or resonance techniques may

be used to determine Z,

When the length of the specimen is an appreciable fraction of a wavelength; it
becomes necessary to treat the sample holder as a length of transmission
line and to apply the line equations in order to extract er* from a measure-
ment of the line input impedance. An open-circuit coaxial-line sample holder
having a characteristic impedance 2 1’ and propagation constant oY when
filled with a dielectric sample whose propagation constant is Yo will have an

input impedance
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; 1) o (2-2)
Zin = Z1 -)-’—2-) coth 724, {2~

Tha propagation. constant v for a material whose complex permeability
%

po= uoris given by

1
. 2n *3
y=13ix (e (2-3)
If the sample length {is sufficiently short, coth 124"',;1-5 . The error in
this approximation is less than 3 percent when 2
1
L (¢ <03 (2-4)
Then the input impedance becomes
Y
in 1 2
% 4

and if the losses in the sample holder are negligible, 7y =13 (21Y\) so that the
expreéssion further simplifies to

~iINZ

z, ~—t (2-6)
n 2nep 4
Then
-iNZ ‘
G = Triz @-1y
r in

2816-3001
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it can be shown that Equations (2-1) and (2-6) are identical, so that the condition

2‘{& (E:r*)'lsl2 <0.3 represents the short-wavelength limit for the validity of

of the lumped-circuit coaxial capacitor measurement.

For a medium or low-loss dielectric sample (tan 6_ <0. 1) which has € '= 10,
and 4 = 10 cm, the lumped-circuit approximation is valid at frequencies up to
about 45 MHz.

R-X IMPEDANCE BRIDGE

To-détermine the input impedance of the coaxial line at frequencies below

3. 5% 10° Hz, a wide-range R-X bridge is used. The bridge used in our
laboratory is 4 modified Sc¢hering bridge with a self-contained signal source
and heterodyne detector. Figure 1 is a block diagram of the complete instru-

ment, and Figure 2 is the equivalent circuit of the Schering bridge.

The bridge circuit operates over the frequency range from 0. 5 > 250 MHz.

It can measure equivalent parallel resistance, R_, from 15 ohms to 105 ohms,
and equivalent parallel capacitance, Cp’ from =100 pf (inductive, Lp=1/w 2 Cp)
to + 20 pf. Because the capacitance of the coaxial holder plus sample generally
exceeds 20 pf, a compensating inductance .or reactive transmission-line stub

is used to carry out the measurements.

SLOTTED-LINE MEASURENENTS

A precision slotted line is used for measurements between 50 MHz and 4 GHz,
In principle, the slotted line literally consists of a.coaxial transmission line
with a slot in its outer conductor through which a traveling rf-voltage or
current probe may be inserted. A source of radio-frequency energy at the
desired frequercy diives the line, and the unknown impedance is connected to

2816-3001
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ihe oppomte end., From the relative magnitudes and positione of the voltage
or current maxima and minima, it is possible to calculate the complex
impedance of the unkncwn.

. A block diagram-of the slotted-line measurement setup is shown in Figﬁre 2-3,
The signal source has a frequency range from 0.5 MHz to-4 GHz. Heterodyne
detection of the voltage on the traveling probe is used rather than-a square-
law rectifier circui't. The heterodyne detector, consisting of the local
oscillator, mixér, i~-f amplifier, andvoltmeter, actually corresponds-to a
‘sensitive receiver which can be tuned to the signal frequency. It provides hign

sensuthy and linear response as well as rejection of harmonics and other
S :‘spurlous signals.

Figure 2-4 is- a photograph of the actual experimental configuration. From left
tc:> ~z:i,'gh£7the’eqifipmeﬁt functions are: power meter (above), signal oscillator
_ - (belovi), Ew -frequency signhal oscillator-plug~in unit, coaxial slotted line
. ‘~w1th mixer (front), local oscillator with power supply (rear), i-f amplifier-
detector (rear), R-X impedance bridge with coaxial holder mounted, and oven.
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SECTION IiI N
EXPERIMENTAL WORK |
SLOTTED-LINE MEASUREMENT PROCEDURE

Although the slotted-line techhique-involves measurement of the voltage
standing-wave ratio (SWR = V max/V min} on-the lize, it is not nécessary to

~

- " n - " ER by

measure the actual maximum and minimum voltages in all.cases., Whenvthe
SWR is high, it can be measured'quite accurately by determining the width of
a single null, defined as the distance between points at which the voltage is

“J‘ 2 times the minimum value: ‘Thus, it is possible to use the slotted line even
at frequencies for which the lir'é is leéss than a half-wavelength long.

A number of procedures are commonly used for dielectric measurements
with the slotted line (Refs. 1:and 2). Three specific casés are-of special
interest to us.. They are (1) short-circuited sample holder, sample length a
rmultiple of M/ 2, (2)short<circuited sample holder, sample length an add
multiple of M4, and (3) open-circuited sample holder, sample length léss
than M4, Case 1 is preferred for measurements of er' when-the sample is
at least a half-wavelength long. ‘However, the error in determination of € "
is greatest at hdlf-wavelength intervals., Thus, the quarter-waves resonant
condition of case 2 is used to obtain accurate measurements.of dieléctric
loss. At lower frequencies, where the sample length does not permit
"resonant'' measurements, the bést accuracy is offered by the open-circuited
sample holder. Although the general solution of the transmission-line equa-
tions can be used to obtain .measurements at any frequency, the resonant
conditiong are -preferred b:cause the computations are greatly simpiified and
the measurement errors are minimized.

An outline of the experimental procedure for measuring €, "and tan. 6 of a
rock sample using resonance methods follows. Figure 3-1 shows the slotted
Jine with both half-wave and quarter-wave sample resonance conditions,

2816-3001
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Figure 3-1, Dieledtric Parameters from Resonance Methods

Consjder first the half-wave resonance condition. With the sample of length

'{’m inserted and shorted (K), the frequency (f) of the signal oscillator 13
adjusted until

m‘-— - A
T)"m’ ko =1, 2, ... (3-1)

wherz A n 1S the sample wavelength. In addition,

1

= 1,

JN
‘h 0 =
n&"z—' min; ne= 1, 2’, ¢ v s (3"2)

where :'\ov is the empty-line wavelength and Lmin is the distance from. the

rf probe to the sample. Under the above conditions and assuming tan 5€<0. 1
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()‘o 2 )‘okm\' '
e’ ={5- = - -
m |
' .
and €/ may be.calculated from A o’ km, and¢, .
Next consider the: quarter-wave resonince condition. With the sample of

length ,g}m.-ins’ertegand .shefied (K), the frequency (f) of the signal oscillator
is adjusted until ’

AL bN
: mj._ ¢ Ry =0 Y
2 km x(4—-) = km(g—) (’m’ km‘ 0.5, 1.5, 2.5, . . . (3-4)

where )‘im 'is the sample wavelength. In addition

2n

A X
;j4-9-),= n(-z-(’j’=1;,min, a=0.5 1.5, 2.5, . .. (3-5)

where : o is the empty-line wavelength and Lmin~ is the distance from the

rf probe to the sample. Under the:above condition and assuming tan 0

<0.1, then

4 XOZ )\okmz
R PV B e B (3-6)

The measurement of tan 8 is m.ade at quarter-wave resonance. The quarter-

wave condition givés minimum error in tan 8 because maximum field stréngth

Vmin . .
m = 57 1 provides a measure
max

of tun 6  Tominimize rf probe loading, m can be found by measuring the:

.is applied to the sample, The inverse VSWR

width of mimimum AZ4. Then,
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m = mm = — (3_7)

<:

Vool

If m <.0.1, then to a good approximation

&

. s . L

m ~ IO (3-8)
h Xo

With the sample in-place, A4* is measured at a voltage minimum under a
quarter-wave sample resonance condition. AL* gives m* by using equation
(3-8). 'The ratio m* represents losses from three sources: (1) the sample of

length L ; (2) the sample holder around the sample-of length 4 m and (3) the

sample holder plus. the slottéed:line of length me K
o

Let A4 and thus m_ represent the losses due to the length of line L. .
0 <0 min .-

Then

0 (3-9)

‘The attenuation factor of the sample holder a gives a measure of the sample
holder losses around the sample. Both»,M,0 and a, ‘may be experimentally

“‘"" ﬂ w‘ )

determined by making width-of-minimum measurements on the empty and
shorted sample holder.

Finally, knowing m*, m,, and @, then tan 6 may be calculated {rom

A Mo-
tan § = 0 (T "M, _, (3-10)
O TN o .
m er
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Again if m¥, m, < 0.1, then to a good.approxirration

AL* - M \ - B o
tanf= - ——-2 2 g R - 2% ¥ §)
1 0 - :

SAMPLE PREPARATION

One requirement for the-coaxial=line technique is that the rock sp‘éc’jmen’s
must be prepared to-fit précisely in a coaxial sample holder, The allowable
tolerances are: quite ~stninger;t‘-; the specimen dimensions. and tolerances: fdr
the nominal 14 mm coaxial-liie sample holdér are given below:

+0, 000 in.

e OQutside Diameter: 0,5625 -0. 0028 in.

+0,.0012 in.

. = Hole Diameter: '0,.24425 -0.000 1.

o Concentricity: +0,/005-in,,

These tolerances. are required for measurement eriors ‘below 10 percent in
a low or medium 1oss sample with ¢ ' < 10,

Samples. with the required outer dimensions were supplied by the Bureau of
Mines. To drill the center holes we used an ultrasonic drilling machine in
which a diamond bit is: simultaneously rotated.and vibrated ultrasonically as

At advances, This machine is capable of drilling precise holes up. to 6 inches

long in extremely hard materials, A photograph of a .few drilled rock samples
is. sh?wnlkin Figure 3~2,

Initial drilling efforts failed because of a mechanical misalignment in the
machine which made it impossible to maintain concentricity between the inner
and-outer diameters, The machine had to be returned to the manufacturer,
Although the problem was eventuélly corrected, the beginning of the measure-
ment program was delayed by“abou{ two months.
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3-7

Thx:eeﬂsafnple:s of different geometry were measured for each rock type
Disk 'sariples were measured with the parallel plate method; coaxial éamples
25 mm in diameter were measured using the R-X bridge; and 14-mm coaxial
-samples were measured with the slotted-line technique. It was intended that
several physically similar .samples of each rock ’type would be measured-to
improve the statistical relevance of the data. Because of difficulties in
sample preparation, coupled with the time consumed in obtaining each data
point at a given frequency and temperature, it was impractical to repeat the

measurement sequence for multiple samples.

HIGH TEMPERATURE MEASUREMENTS

Measurements at other ‘than room temperature were conducted with the

coaxial sample holder inside a controlled-temperature chamber. This chamber
accommodated a 30 cm: sample length, Through a combination of electric
heating and inert gas flow, the ten , .erature was maintained at any predeter-
mined value up to-450°C. A sketch of the oven, thermocouple and''sample
holder ¢ ystem is shown in Figure 3-3,

ARGON GAS e T s T s e e e
" i’ { SAMPLE HOLDER
1M=10.6 .
l | lLJ' 5 AV '°1 SHORT CIRCUIT
TO ' . 4. "
SLOTTED ‘-—- II’I’.IIIIIIJI IIIII’I‘“I’II‘!II[I‘]]]'L’I; }}v
LINE - — > —i N
g r (\ | - e
¥ T %) \en
{ : 19.5 CM 9.5 CM 0.CM
e e o i e i o i e e e e e s U
e e o e e e e o e e e
‘OVEN

Figure 3-3, Rock Sample Heater for High Temperature Dielectric Data
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Because of the coaxial sample holder's simple mechanical construction, the
problems associated with the severe temperature environment are minimized.
However, to protect the surfaces of the holder against corrosion at elevated
temperature, an argon protective atmosphére was necessary. The coaxial
transmission line between the measurement equipment (bridge or slotted line)
was maintained at a slight positive pressure, using high-purity argon gas.
Some gas will escape through the sample holder, maintaining a continuous
flush of inert gas to sweep out reactive gases which may-be driven out of the
rock samples. In addition, by using two thermocouples in physical contact
with the outer conductor of the sample holder, it was possible to measure and
control the temperature of the rock sample at the desired setting,
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SECTION IV

ROCK DIELECTRIC PROPERTIES IN THE MEGA-
AND GIGA-HERTZ FREQUENCY RANGE

A Boonton type 250A RX meter was used to determine €. ’ and tan 6 at room
temperatures and at frequencies between 10 and 100 MHz. The rocks were
cylindrical in shape with a diameter of 1.0 in. The granite rock was 0, 250 in.
long, while the basalt and quartzite samples were each 0,125 in. long.

Experimental data for basalt are given in Table 4-1, The variation of each
of er' and tan § with frequency is shown in Figures 4-1 and 4<2, The results
show that er' is relatively constant, while tan:6 decreases slightly from 10 to
70 MHz when.both parameters begin to increase with increasing frequency.

The bridge data for the granite sample are shown in Table 4-2. Figures. 4-3
and 4-4 illustrate the variation of granite dielectric parameters with fre-
quency: Here again, er' rernains essentially constant at a value of slightly
more than one-half of that of basalt up to a frequency of about 70 MHz,
Above that freque}'lcy, er’ appears to rise appreciably with frequency. The
Ioss tangent, on:the other hand (Figure 4-4), was about one-third of that of
basalt and decreased slowly with frequency.

The experimental data for the quartzite rock are given in Table 4-3. Varia-
tion of each of er’ and tan § with frequency for quartzite is shown in Fig~
ures 4~5 and 4-6, Here er’ is about one-third that of basalt and appears to
increase steadily with frequency, while tan § is about one order of magnitude
less than that of basalt and appears to increase with frequency above 70 MHz.
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R-X Meter using the Parallel-Plate Method
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BRIDGE MEASUREMENTS WITH COAXIAL
- SAMPLE HOLDER

o £

Exper;mental data with the coaxial sample holder are given in Table 4 for the
three .ock samples. The frequencies used here did not exceed 50 MHz. The

M AT !

data obtained are not in essential agréeement with those- recorded with the cylin-

drical sample-holder in the previous experiments. Figure 4-7 'shows the vari-
ation «f ¢ ; , ex'.', and tan 8 Wwith frequency for basalt. Figures 4-8.and 4-9

illustrate the variation of these three parameters for ‘gréhite and quartzite,

Wy
Iy

respe«-tlvely. As expected, the three dielectric parameterb decrease slowly

with mcreasmg frequency.
{

t - :
SLOT'EED-LINE MEASUREMENTS

Frooghny

1

Roor# temperature measurements were performed on a basaltic .cylindrical
sample of length 10.16 cm, with an outside diameter of 14 mm and an inside
diameter of 6 mm. The data obtained wre given in Table 4~5, The variation
of the rezl part, E;, of the relative compiekx permittivity with frequency is
showaq in curve C of Figure 4-10, Curves A and B in the same figure show the
meagurements.obtained with-the bridge with parallel-plate sample holder

and the bridge with-coaxigl sample holder, respectively. As is evident, the
thitee techniques do not give identical results when measurements are made

in the same frequency range; neither does the data follow the same trend at
nearby frequency ranges.

¥y

W‘

RIS

Figure 4«11 shows the variation of the loss. tangent of basalt with frequency.
Curves A, B, and C depict the data obtained with the bridge (parallel-plate),

& £ =

the bridgewith coaxial sample holder, and the slotted-line, respectively.

et

Here the bridge data show a dissipation factor that decreases with frequency,

< ¥
while the slotted-line indicates an increasing loss factor with frequency. Here ?j 3
. i3
again, obvious disérepancies between the three methods are rather alarming. H 4
#
“ 1
4
L ‘é
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Table 4-4. Bridge-Determined Rock Dielectric f
Data with Coaxial Sample Holder

k1. Basalt- £ =11cm

1
cl
~

f(MHz) Cp(pf) Rp(KQ) Xola) e er’’ tan §
o s2.35 L7318l 13.8 L7l 0.124
x 18 78,88  1.02 99.9  13... 1.31 0.110
50 78,32 0,407  40.3 13.1 1.31 0.0998

| :I‘
1
] ; l
l
¥ I
"
ey
Fa
s
o -
5
g
5
&

2 Granite - 4 = 12,4 cm

10 45,78  5.58 347 6.79 4.22x1071 6,22 x 102 j
20 44,32 3,58 179 6.58 3.20x10")  5.00x 1072 : |

50 43, 52 1,74 73.1 6.46 2.71x10°1  4.20% 1072 |

3. Quartzite -~ 4 = 10,4 ecm

10 26.66 66,17 597 4,73 4.24x10°2 8, 95x10°3

20 26,29 48,1 302 4,65 2.92x1072 6.28x 103

50 25.48  20.6. 125 4,51 2.74x10"2 6,07x10°3
2816-3001
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SLOTTED LINE
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Figure 4-10, Relative Dielectric Constant of Basalt from
10 MHz to 2 GHz.
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Figure 4-11, Loss Tangent of Basalt from 10 MHz to 2 GHz
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4-15

Coaxial-line data of a granite sample with the: same dimensions as the previous
basaltic sample are given in Table 4-6. The relative dielectric constant, er’,
increases slowly with frequency in the range 0.2 to 2 MHz as shown in curve C
of Figure 4-12, By contrast, the bridge data suggest a slight decrease of er’ ,
with:frequency (curve B), or an independence of frequency (curve A of Fig-
ure 4-12). Figure 4-13 shows the variation of the loss tangent of granite with
frequency. Here the three methods of measurement yield data that decrease
with increasing frequency. Actually, the bridge method with coaxial sample
holder generates data that can be roughly extrapolated to the data generated
with the slotted-line (see curves B and C in Figure 4-13).

The slotted-line technique was. also-used to-determine the dielectric params=-
eters of a quartzite cylindrical sample with the same dindensions as those of
basalt and granite. The data obtained with quartzite is shown in Table 4-17,
In: this case, the variation of erf with frequency is shown in curve C of Fig-
ure 4-14, The data seem to rise to a maximum at about 1,5 GHz. It should
also be noted that the measurements taken with the bridge method and the
coaxial sample ‘holder appear to be consistent with those determined by the
slotted-lide method (see curves B and C of Figure 4-11). The loss tangent of
quartzite decreases steadily with frequency as shown in Figure 4-15, curves
B and C. The data. measured with the parallel-plate bridge method (curve A)
appear to-be unreliable, The points at 10 and 20 MHz depart considerably
from those determined with the same technique at 49-and 70 MHz due to the
bridge inaccuracy for high values of Rp(Rp >100KQ).
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Figure 4-12. Relative Dielectric Constant of -Granite in the
Frequency Range 10 MHz to 2 GHz.
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Figure 4-13. Loss Tangent of Granite in the Frequency Range
10 MHz to 2 GHz.
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Figure 4-14. Relative Dielectric Constant of Quartzi*e in the
Frequency Range 10 MHz to 2 GHz
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Figure 4-15, Loss Tangent of Quartzite in the Frequency Range
10 MHz to 2 GHz
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SECTION V
EFFECT OF FREQUENCY ON ROCK DIELECTRIC PROPERTIES

The experimental data presented in Section IV suggest that one or possibly mcore
of the techniques used to measure rock dielectric permittivity is giving the
wrong answers. In general, the parallel-plate bridge method deviates from

the bridge method with coaxial sample holder and also from the slotted-line
method. The latter two methods appear to extrapolate with eac’t other reason-
ably well, suggesting a continuity of the general trend of resultsiobtained

N e e M et S Ao o

therefrom. i :

Theories of dielectric relaxation predict that both the real, sr’

imaginary, erf’, parts -of the relative: complex permittivity should decrease
with increasing frequency, provided that we are working at frequencies in
excess of the turnover, or characteristic frequency of the system, The loss
factor, tan § = erf’ / ezf , is also theoretically expected to decrease with fre-

, and the

quency since elf' decreases much faster than elf with frequency. This is
because eIf approaches its value at infinite frequency, éc: , by linearly
descending along the abscissa. Any increase in these dielectric parameters.
with frequency can only happen at frequencies less than the characteristic
frequency. Except for data obtained with the parallel-plate bridge téchniques
at frequencies. between 70 and 100 MHZ, and for the eIf data of granite and
quartzite with the slotted line, as well as tan 6 of basalt, the rest of the data
shows the expected decrease in both ¢ I{ and tan-§ with-increasing frequency.
The rise in eIf and tan 6 above 70 MHz is most probably an error in the part
of the parallel-plate bridge methods (see Figures 4-1 through 4-6). Itis
concluded from this limited amount of data that the bridge method with coaxial
sample holder yields the most reliable rock permittivity data between 10-and

50 MHz, while the slotted line appears to give reliable information between
0,2 and 2 GHz,

2816-3001
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Unlike the low-frequency spectra.of rock electrical parameters, the present
high-frequency data do not show any sign of dielectric dispersion, suggesting
the absence of relaxation effects due to large structural units {(e.g., silica
tetrahedra, [ Si0 4] units or the presence of water in the rock) that would give
a dispersion at frequencies lower than those investigated in this report.

Measurements on basalt indicate a general spectrum of relative dielectric
constant of about 13,1 at 50 MHz to about 9.6 at 1 GHz, and loss tangent of
0.10 at 50 MHz to 0. 056 at 1 GHz, with no frequency dispersion in either.
Measurements on granite indicate a relative dielectric constant of about 6.5
at 50 MHz and 6.1 at 1 GHz, and a loss tangent of 0. 042 and 0. 02 at these
two-frequencies. Measurements-on gquartzite indicate:a relative dielectric
constant of about 4.5 at both 50 MHz and 1 GHz, and a loss tangent of 0. 006
at 50:MHz decreasing to 0.0034 at 1 GHz.

The above numbers indicate that at a given frequency the relative .dielectric
constant of basalt is nearly twice that of granite and three times that of quart=
zite. The loss tangent of basalt is dbout three times that of granite and about
fifteen timesa Jarger than that of quartzite. These trends can he correlated
with the pregsance of ilmenite (mixed oxide of iron.and titahium, FeTtiOs.) in
basalt, and its-virtual absence from granite and quartzite. Chemical analysis
of these three rock samples indicates that basalt, granite, and quartz contais
48.4, 63.5, and 97, 8 percent silica and 6.2, 2, and 0.2 percent iron oxide

(mostly Fe0), respectively. Only basalt showed a measurable analysis of
1.9 percent Titania (Ti~02).

The dielectric permittivity of a system, which is an:unordered mixture of two
components, can be computed with the aid of Lichtenikers' formula (Ref. 3)

log ¢! = 6, log el' + 6, log e, (5-1)

where e'l and e:'2 are the permittivities of the two components and 61 and
02 are their volume fractions. The above formula can also be written as

2816-3001
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5-3

s‘l =I:( e.l 1 (5-2)
1

When there is a large difference in.the dielectric permittivities, Adelevskiis
formula (Ref. 3) had been reported to give better resuits

—yr—
2 . €1€3
') - ~
CR Bﬂ/B- + =3 (5-3)

_ where

(36, - 1)e’ + (38, - 1)e’
B & et 2 2 (5-4)

The dielectric permittivity of '1‘102 is reported (Ref. 3) to'be 78 (when present
as brookite), and to vary between'89 and 173 when present as rutile. That of
pure silica varies between 5.6 and 7.5. For magnetite, \elf
33.7 and less than 81, and the same values are réported (Ref. 3) for ilmenite,
The rest of the alkali metal oxides and alkaline earth oxides would have ¢ x{
values between 5 and 10, The densities of"I‘iOz, 'Si02, E§304, FeTiOa, and Na20,

Ca0 are, respectively, 3.9 t0 4.2, 2.5t02.6, 4.9t05.2, 4,410 5, and 1 to

is more than

3 gm ¢m™S,
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SECTION VI

ROCK DIELECTRIC PROPERTIES AT
ELEVATED TEMPERATURES

The objective of this phase of the investigation was to determine how the
relative dielectric constant (er’ ), the relative dielectric loss -(exf'), and the
loss tangent (tan §) change with temperature at a fixed frequency. Slotted~
. line measurements were first made at a nominal frequency of 1. 15 GHz on'
a basalti¢ rock cylmder of length. L = 10,16 cm, d out. = = 14 mm, and
dim = 6 mim; the measurement data are presented in Table 6-1,

Table 6<1, Effect of Temperature on Dielectric
Properties of Basalt at 1, 15 GHz

Temperature Lhin. Yo fres & agx 107 Tan g o 1000 op-1y
{cm) (cm) | (GHz) . (Nep/cm) e 3 T-.-:
24 10,72 | 25,24 {1.188 ! 9,67 | 1.s56 to.0501 | o0.484 3.31
50 10.86 | 25.32 [1.184 | 9.72 | 1,554 |o0.055¢ | 0.539 | 3.10
) 100 11.81 [ 25,89 {1.158 [10.14 | 1.542 |o0.0606 .| 0.615 | 2.68
: 150 12.82 | 26.48 |1.132 [10.63 | 1.528 [o0.0677 | o.72: 2,46
200 Aok ’ an
250 — 1.91
toelr
! m
“Tan6= -cv-f—[i-r—n --}an

*xxNo resonance was possible,

e R s e s o g reabhg
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Because of the difficulty of obtaining resonance at 1.15 GHz and at tempera-
tures. above 150°C, measurements were repedted on basalt at a nominal fre-
quency of 0.69 GHz; resilts are presented in Table 6-2.

Table 6-2. Effect of Temperature on the Dielectric
Properties of Basalt at 0,69 GHz

o

‘9 "

il ‘ L Y Y o e x107%] |

:” Tenzggature, (;lnl (c?n) ((;leli) r (fgeplcm)’ Tan g*e , T !"91‘&( K-‘)
] 25 12.56 | 42.43 | 0,707 | 9.86 | 1.24 | 0.0485 | n.478 3,37
” 50 12.76 | 42.76 | 0.702 | 9.56 | 1.23 0.0538 | 0.536 3.10
§ 100 120,30 .| 43,26 .] 0.694 | 10,20 | 1,23 0.0598 | 0.610 2,68
h 150 :21.@4 . 43,79 |- 0.685. ’10.45;' 1,22 0.0732 | 0,785 1 2.3
; 200 21,66 | 44,28 | 0,678 | 10.68 | 1.22 0.0812 | 0.867 o2
'i 250 21,95 | 44.53 | 0:674 f 10,80 | 1.21 0.0912 | 0.985 1.91
; doo.  |22.14 | 4a.70 [0.672 | 10,89 | 120 [ot021 | L3 | wn7s

¥er o (;2 ;m)?
“ "m

The variation of the relative dielectric constant and the loss-tangent of
Dresser basalt with temperature is illustrated in Figures 6-1 and 6-2.

The effect of temperature on the dielectric parameters of granite was also
investigated. Following the basalt tests, the sample holder was cleaned with
.crocus cloth and cleaning fluid, Molybdenum disulfide was also put on the
screw threads to prevent their seizure by exposure to high temperature,

The results obtained with a graniie cylindrical rock sample of length

10,17 cm are shown in Table 6-3.
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11.04
10.94
10.8-
10.7-
10.6 4
10,54
10.4-
10.3 4
10.2
10.1 4
10.01
9.9
9.84
9.74
9.64-
9.5;
9:4+
9.34,
9.2

9.1+

9.0 Y

6-3

f- 1.20

11.10

+1.00

- 0.90

Fo.80

NOMINAL FREQUENCY:

a, =~ 1,15G6HZ

b, B - 0:69 GHZ - 0.70

NONPRIMED. LEGENDS REFER TO THE REAL
COMPONENT OF THE RELATIVE DIELECTRIC
CONSTANT, ‘PRIMED LEGENDS REFER TO THE
IMAGINARY PART OF THE RELATIVE :
DIELECTRIC CONSTANT [ 0.60

- 0.50

0.40

Figure 6-1,

100 150 200 250 300 350
TEMPERATURE (°C)

Variation with Temperature of Basalt's Relative
Dielectric Constant and Dielectric Loss at Two
Frequencies
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6-4

0.08. 4.

0.07 —

0.06

NOMINAL FREQUENCY:

a~1.15GHz
b-0.69 GHz

0 - Y E

i3 50. 1000 150 200

250 300.

' TEMPERATURE (°C)

i8] guré 6-2. Vam‘atio@ of Basalt's Loss Tangent With Temperature
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fif!:e variation of ¢ r: éng:;e;fot granite with temperature is shown in Figure 6-3.
The effect of temperature on the loss tangent of granite is shown in Fig-

: tgju,re 6-4.

Thé high-temperature dielectric properties of quartzite were determined
following a c}éan—-up»,of the sample holder from the previous measurements

on granite. The same procedux:e cf sample holder clean-up and screw thread
treatment was repeated -as was performed before measurements on granite
were taken, The experimental data recorded on a quartzite cylindrical rock
'~égmp1e of length 9. 644-cm are given in Table §-4.

The variation -of the relative dielectric constant -of quartzite with temperature
is shown in Figure 6-5. The change of quartzite loss tangent with temperature
is shown in Figure 6-6. In the previras two rocks of basalt and granite, the
loss tangent increased with temperuture rise. In the case of quartzite, the

3 at 100°C. Simul-
taneously, the relative-dielectric loss of guartzite exhibits on minimal value
of 2,04 x 10")2 at 100°C, Because the relative dielectric loss is directly

loss tangent exhibits a minimal value of 4,37 x 10~

linked-to.the rock conductivity, it appears that two mechanisms are .operative
in the electrical ~onductance of quartriie, The electrolytic mecharnism con-
tributes a conductivity that increases with increasing water conterit in the rock
micropores; Upon heating the rock, the water is ¢riven off and the contribu-
tion to rock conductivity by the electrolytic mechanism is reduced. The other
mechanism responsible for eléctric conductance in rock is the ionic-pump
mechanism, Here, ionic constituents of the lattice are the mobile particles
that diffuse either interstitially or by a vacancy mechanism. This type of
.conductance increases with temperature rise and often follows. an exponential
increase, Section VIII contains a theoretical treatment of the ionic conduc-
tivity in rocks. The combined effect of temperature on the two types of con-
ductance, one decreasing and the other increasing with temperature rise, can
explain the occurrence of a minimum in Figure 6-86,
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SECTION VII

EFFECT OF TEMPERATURE ON ROCK
DIELECTRIC PERMITTIVITY

Dielectric measurements on rocks at various temperatures can reveal a host

of rock thermophysical and.:mechanical properties. Because of the complex
structure of rocks, we followed the recommendation of Huggins (Ref. 4) in

o

using local structural groupings as the basic structural units in rocks. The
term structon was-used to signify a specific type of atom with specific kinds
and numbers of close neighbors.

The relationship between polarizability @) and the relative dielectric permit-
tivity (e If) is given for .simple systems by the Clausius~Mosotti equation

(Ref. 5) as

e/ -1
r

- = 3 na (7-1)
elf+ 2

where n is the number of particles per unit volume., The total polarizability
{o) is sometimes 'reg_arded as equal to the sum of electronic (« e)'plus atomic
(aa) plus molecular or orientational (am) polarizabilities, In general, a, and
@, are temperature insensitive, Unless the number density of elementary
particles shows a significant decrease with rise in temperature (as in gases
or liquids), the change with temperature of ¢! due to-electronic or atomic
polarizations will be overshadowed by the lar‘Lge changes in orientation polari-
zation, Orientation of dipoles in an applied electric field will depend on
temperature, complete orientation prevented by thermal agitation, Polari-
zability under these conditions will decrease with rise of temperatur.
according to

2
@, = B /3kT (7-2)

2816-3001
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where p is the electric moment of the polar group in the molecule, k is

REEY TS
P

Boltzmann's constant, and T is the absolute temperature. In the presence

) , %
of polar molecules, the Clausius-Mosotti relation was amended by Dehye £
(Ref. 5) in the form ¢

en- 1 I3 2 A

2 = %’1 n ;[as e ] (1-3) %
e/+2 . ¥

where a g now refers to the structural polarizability, equal to (« e + aa). In }
this form, physical chemists have extensively used Equation (7-3) to elucidate ?%’Q
molecular structure and molecular dipole moments. %
In the absence of permianent dipole moments (i.e., when u = 0), we applied K
. ¢

the Clausius-Mosotti relations for rocks in the form .
5%

€'-1 _ 4u 4n d

oz Fna, = - (7-4) 3

e'+2 S S 39 ' {%;

o

where n is now the number of rock structons per unit volume and @ is the
structon's polarizability, equal to the cube of its average radius (assumed
spherical), The product ne, may, therefore, be regarded as the true
volume, @, of the solid rock, excluding the pores, fractures, or solid irhper-
fections, whose addition to ¢ gives V, the total or apparent rock volume.

P

; ‘;,: g i{ii,}"i‘v'

" Ve
RN APt

P

3

Upon differentiating Equation (7-4) with respect to temperature at constant E;
pressure, one obtains 2
g

’ 1 1 % oe! }
- L 1 _6_(2 :

E ' o =B (7-5) 8

€r 1 Gr + 2 6T © 6T) %

or ,
3 be

8 - [5%] (1-6) .

(el_f - 1)(exf+ 2)
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where 8 is the isobarric coefficient of vnlume expansion, In the present
investigation, Equation (7-6) was usedifor the first time to evaluate the
coefficient of thermal expansion for the three represeniative rock samples

(Dresser basalt, charcoal granite, and Sioux quartzite).

The dielectric data obtained with basalt at a nominal frequency of 0.69 GHz
in the temperature range 25 to 300°C are shown in Table 7-1. The estimated

-coefficient of thermal expansion is listed at each temperature in the third

column of that table.

Table 7-1. Effect of Temperature on the Th ‘mal
Expansion Coefficient of Basalt

‘Temperature e’ B x 104
°cy T (°c-h
25 . 9.86 1,03

50 | e.e8 | 118

100 1 10,20 | 1.31

150 10. 45 1,22

200 | 1068 | o.85

250 10.80 | 0,57

300 | 10,92 0.56

The: granite dieleciric data measured at a nominal frequency-of 1.50 GHz
were also used to estimate the thermal expansion coefficient of that rock;

the results are given in Table 7-2,

The relative dielectric constants of quartzite at a nominal frequency of
1. 80-GHz were also used to estimate the thermal expansion coefficient of that
rock, The data obtained at various temperatures are shown in Table 7-3.

2816~3001
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Table 7-2, Efféct of Termperature on the Thermal l
Expansion Coefficient of Granite -

— —T — | K
P - 105 4

\.Ter?yé;‘ature “ € r | {(303.1{)) - %
25 | 6,03 | 5.2 ';§

50 6.05 | 6.3 l *g

100 | s.10 6.5 ;

150 6. 14 4.3 I ;g

200 - 6,16 2.1 4, f

250 I oe17 ) 1.4 I;

300 6.18 2.1 I ;

350 ] s.20 | 2.8 - ;

400. C6.22 | 3.5 ]*“

450 6.25 | 4.8 j

Gl s b ety

Table 7-3, Effect of Temperature on the Thermal
Expansion Coefficient of Quartzite

( Temperature e! B x 10° i
(°c) T (°c-1y ' !
25 463 | 5.8 i
50 465 | 8.0 l
‘ 100 | 4,66 7.3 |
150 4,88 | 8.1 l
200 4,11 6..0 l
250 4,73 6.0
300 4,76 | 5.9 '
2816-~3001 l
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The thermal expansion coefficient is a complex function- of temperature.

The variation of this coefficient with temperature is illustratéd in Figure 7-1
for the three rocks investigated. For basalt, the thermal expansion coef-
ficient exhibits a maximum of 1.31x 10~% °c1 at about 100°C. For quartzite,
a maximum in-8 is estimated ;s 8.5 x 1073 °C-"1 at about 70°C. For granite,

B shows a maximum value of 6.7 x 107% °'G"1 at about 80°C,

2816-3001
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Figure 7-1. Variation of the Rock Thermal Expansion
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\
[ L
'

-‘SECTIéN" NI .
EFFECT OF TEMPERATURE ON THE
RELATIVE DIELE(,TRIC 0SS -

'I‘he relative dl.electrxc. loss is e\:pected to follow an Arrhem.us type of

n.dependence on temperature. This is because dlelecfmc loss is mterrelated

with electri¢ conductance , O, accordmg to

o= wé'E we & P (8-1)

where w is the argular frequency, ¢” is the imaginary component of the
dielectric permittivity, and €s is the permiitivity of free space,,

The variation oﬁ the conductivity, g, -of solid minerals. in a rock with tempera-~

ture is often given by

- g QKT }
O't = er; (8 2)
where Q is an activation energy. Equation (8-2) is walid when the minerals
are electron semiconductors. When the minerals in the rock are dielectric
insulators, then the conductivity variation with temperature becomes

. -Q/kt -
In either case, the conductivity will increase, and the resistivity will de-
crease with a rise in temperature, The plot of i’n oy with the reciprocal of
abgsolute temperature, 1 , will, in a well-behaved system, give a straight

T )
line whose slope is -% for dielectric insulators and - Sk for semiconductors,

2816~3001
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At subzero temperatures, Parkhomenko (Ref. 3) was able to draw the
following general conclusions from the experimental data available on rocks

¢ A pronounced change in resistivity as a function of tempera-
ture is associated with the freezing or thawing of an electro-

lyte in the pores of a rock.

e The actual resistivity at low temperztures depends on the
water content, the chemical composition of the electrolyte,
and the grain size of the rock.

e The resistivity of fine-grained rocks {(shale) increases less
abruptly with decreasing temperature than does the resistivity

of coarse-grained rocks,

e  With increasirig salinity of the pore water, the increase in
resistivity .on freezing is reduced. Data on the relationship
between resistivity and ice content at freezing temperatures
may be used in interpreting electrical geophysical surveys
made in permafrost areas.

Resistivity of water-bearing rocks will result from the combined effects of
its liquid ana solid fractions. The resistivity of electrolytes decreases, and,
hence, its conductivity increases with a temperature rise,

The temperature coefficient of the conductivity of most electrolytes averages
about 2.5 percent per degree centigrade. The value of this coefficient in=
creaSes with decreasing salinity, Because sedimentary rocks lie in the upper
part of the earth's crust{where the temperatures do net exceed 200 to 250°C),
a decrease in resistivity with depth caused by the decrease in the resistivity
of the pore water with temperature is observed,

2816~3001

@ e GOW WE U0 N oW &

e

Pl R el Pl S

X

. «: e bt Y

e
Nevek R aved

s A it VAT S A i s E DR B S

!
w6 §




SRR SN S ) ]
o )

2 R AP Ru
oy B e

o

ot |

e R e

poxiowons S cvia SRR oo out

paveerd

8-3

When the rise in temperature causes an evolution of water from the rock,

the resistivity will change anomalously. Studies of the temperature-resistivity

curve for various types of coal, as well as for various rocks. under laboratory
conditions indicate that evolution of water is accompanied by a characteristic
change in resistivity.. The greater the original water content of a rock, the
greater will be the anomalous rise in the resistivity on evolution. '

In dry rocks without fractures, the relationship between resistivity and
temperature is well described by Equation (8-3). When the log ¢ versus %
curve has a change in slope, an expression containing two exponeritial terms

would fit the results

I B 1
o= ope T +gye XT (8-4)

Thig corresponds to two mechanisms of conduction with two activation
energles in the low~ and high-temperature ranges.

Calculations -of the rock conductivity from the previously determined relative
dielectric losses (Section VI) were made. The results for basalt are given
in Table 8-1,

Table 8~1, Electric Conductivity of Basalt at
Various Temperatures

Temperature | 1000 ,o..-1 — { w = 2nf e €'z gyt g=uws
i (gC) UK | (GH2) | (rad/sec) r {farad/méter) | (ohm - meter)1
i g : 12 2
24 3,37 1188 |7.464 x 109 [0, 484 [ 4,28x 10712 | 3,19x 10
50 3,10 1.184 [7.439x 10% [0.539 | 4,77 % 10°12 | 3,55x 10°2
100 2,68 1.158 [7.276-x 109 |0.615 | 5,44 x 10712 3,06 x 102
150 1 . 2.36 1132 |7.112 x 109 0,721 | 6.38x 10712 | ¢ 54x 1072

*e, @ 8.85x 10°12 farad/meter,

2516~3001
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Similar calculations of the granite and'quartzite electric conductivity are
given in Tables 8-2 and 8-3, respectively.

Table 8-2. Electric Conductivity of Granite

at Variocus Temperatures

fl‘em;:eratui'emlym kY f w=2nf e’ e = cog,."' o= uq"") -1
e {(°c) - T (GHz) .1 (rad/sec) . : (farad/meter) {(ochm !\fn% :‘.\')N,

25 3.37 1.503 |9.443x 109 0,304 { 9,20 x 10-13 8.69x 1u~3

50 3.10 1.500 | 9424 x 109 |0.120 | 1.06 x 10~12 9.99 x 10~3

100 2.68 1.494 .| 9:387x 109 [0,135 | 1.19.x 10-32 | 1. 12 % 10-2

150 2.36 1.489 |9.355.x 10° |0. 147 1.30x 1012 | 12241072

200 2.11 1.486 |9.337x 10% [0,170 | 1.50 x 10~12 1.40.x 1072

250 1.91 1,485 |9.330x 10% 0.181 | 1.60 x 10712 1.49 x 1072

300 1.75 1.485 |9.330x 10% [0.190 [ 1.68x 10°!2 [ 1.57x10°2

350 1.61 1.480 |9.299 x 10% [0.214 | 1.89 x 10-12 1,76 x 1072

400 1.49 1,475 ]9.293x 109 {0.218 | 1.92 x 10-12 1,78 x 1072

450 1.38 1.477 |9.280x 109.]0.228 | 2.02x 10712 | 1.87x1072

2816-3001
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Table 8-3. Electric Conductivity of Quartzite
at Various Temperatures

Tgn; C;:a!ure }%_00 K™Y (Gfl{ w=2nf ¢ e | o=we’ -

( . z) | {rad/sec) (farad/meter) | (ohm:meter)":
j ] 25 Coam 1.807 | 1.135x 1010f0, 0211 1.86x 10-13 | 2.11x10°3
: 50 < 3,10 1,802 | 1.133% 101070, 0206 | 1.82x 10"13 | 2, 06'x 10-3
l tog. 2.68 |1.801 | 1.132x1010}0,0204| 1.81x10-13 | 2,05 10°3

' "150; 3,36 |1.796 | 1,128 x 1010}0,0219| 1.94x 10-13 | 2.19x 10°3

‘ '200 2,11 1.792 |1,126 x 1010{0.0240} 2.12x 1¢-13 | 2,39 x 10-3 )
‘ l 250 ~one 1.787 | 1.123x 1010]0, 0284 2,51x 10-13 | 2,81 x 10-3
o 300 " 115 1781 | 1.119x 101000, 0479 4.24x10°13 | 4.74x 1073

- g
rI

The previously determined dielectric loss data (Section VI) for basalt at a
nominal frequency of 0,69 GHz were also used to calculate the electric con=
ductivity of that rock at that frequency. These calculations are shown in

Sng g Yoy ow

Table 8~4.
Table 8-4, Electric Conductivity of Basalt
at Various Temperatures
Nominal Frequency = 0,69 GHz
’ l ‘{ Temperature | 1000: o -1, £ 1 y=zng | er" T g g=uwe” -1
°c) - (GHz) | (rad/sec) | " | (farad/meter) | (ohm-meter)
B 1 2 3.35  |6.707 |4.44x10° | 0.478 | 4.23x 10712 | 1 88 1072
l 50 | 310 o702 |4.41x10° [0.,538 | 4,74x10-12 | 2,00x10°2
g 100 2,68 0,694 |4.36x 109 [o0.610 | 5,40x 10"12 | 2,35% 10°2
: l 150 2,38 0.665 !4.30x 109 | 0,765 | 6,77 x 10-12 2,91x 1072 ~
200 2,11 0,678 | 4.26x 109 [o0.887 | 7.67x 10712 3,27 x 1072
250 1,98 0.674 !4,23x10% |o0.985 | 8,72x10°12 | 3.,r3x 1072
‘ Is 300 1,75 [0.670 | 4.21x109 | 1.113 | 9.85x 10-12 4,14 x 1072
2816-3001
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The variation of the logorithm of the electric conductivity of basalt with the
reciprocal absolute temperature is shown in Figure 8-1. At a nominal fre-
quency of 1,15 GHz, the conductivity data are best fitted by the Arrhenius
line (a) whose slope indicates an activation energy (Q) of 6€5 cal/mole or
2.68 x 10"2 ev, At a nominal frequency of 0.69 GHz, the data are fitted on
two Arrhenius lines..- The low-temperature line (b) is closely parallel to.
line (a) and indicates an activation energy of 660 cal/mole .or 2. 86 x 10-2 ev
below 100°C.

Above 150°C, the basalt eiectric conductivity data fall .or- Arrhenius line b2,

which indicates an activation-energy of 1, 109 kcal/mole or 4.81 % 10'"2 ev.

The foregoing experimental data on basalt at the lower frequency of 0.69 GHz

are best explained b}; Equation (8-4) given in Parkhomenko monograph (Ref. 3).
o, = 0, e"QU/KT 0, ¢~ Q/kT (8-4)

Where’Ql and Q2 arevl-the activation energies corresponding to a low ahd a

high temperature conduction mechanism. Experimentally, it was difficult

to achieve resonance conditions with basalt in the slotted line -at the higher

frequency of 1,15 GHz when the rock temperature was 200°C and above

(refer to Table 6~1), Because the relative dielectric loss (er") increases”

with frequency, iincreasing both frequency and temperature may render the

dielectric properties of the relatively conducting basalt difficult to measure

in slotted lines. Hence, no data can be obtained with the present equipment

to support the high-temperature conduction mechanism for-basalt at the

higher frequency of 1.15 GHz., It is gratifying, howe -er, to note that the

activativn energy at the low~temperature range is independent of the operating

frequency as seen by the close parallelism of lines a and b, in Figure 8-1,

It may be concluded, therefore, that the conduction mechanism in rocks,

and hence the activation energy.(Q), does not depend on the operating fre-

quency, but can significantly depend on the temperature range at which

2816~3001
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751072 NOMINAL FREQUENCY IN GIGAHERTZ
: a-1.15
b » b, - 0:69

6x1072 -

5x1072

4x107%4

2x1072-

1x1024 @, =665 cal/mole
. =2.88x10"Cev

BELOW 100°C
Qg = 6.60 cal/mole

© =286« 2072 ev
ABOVE 150°C
Qb = 7,109.cal/mole

= 4,81 x 16?’2 ev

-2

10

. | ey - T T B 1 i
1.0 1.5 2.0 2.5 3.0 3.5 4.0
1000 ,op~1
T (°K)

Figure 8-1. Arrhenius Plot of Basalt's Electric-Conductivity
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measurements are taken, More experimental work is needed to support or
refute this seemingly logical conclusion.

The Arrhenius diagram for the electric conductivity data of granite at a
nominal frequency of 1.5 GHz is shown in Figure 8-2. Here the data fit a
single straight line in the temperature range 25° to 450°C. The slope of the
line indicates an activation energy of 756 cal/mole or 3,28 x 10-2 ev. The
granite rock is about 75 percent less conductive than basalt, and hence
dielectric measurements were pc .sible at the high frequency of 1, 5-GHz
-and temperatures up to 450°C,

“The electric conductivity data of quartzite-did not fit to the Arrhenius. diagram
(Figure 8-3); but exhibit a minimum conductivity of about 2 x 1\0-3

(ohm - meter)“1 at about 100°C. This anomalous change of conductivity

with temperature has been shown-by Parkhomenko (Ref. 3) to be caused by

an evolution of water from the rock. The greater the original water content
of a rock, the greater will be the anomalous rise in the resistivity (or fail

in conductivity) with rise in temperature (or upon water evolution).

In a solid lattice, like that of rocks, the conducting particles and vacancies
(or the electrons and holes in semiconductors) will migrate with a time
average velocity <V>, which is to a.good approximation proportional to the
field, E, if |E| is not too large. The electric mobility, p, is defined (Ref. 6)
by

<V> = +uE (8-5)

The positive sign in Equation (8-5) applies for positively charged particles
(or anion vacancies, or holes), and the negative sign applies for negatively
charged particles (or cation vacancies, or electrons). Equation (8-5) is a
simple representation of linéar relations between components of vectors,
with the mobilities represented by symmetric tensors,

2816-3001
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Figure 8-2. Arrhenius Plot of the Electric
Conductivity of Granite
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9 x 107>~

8 %1073

3

7x107°—

6x 107

5x1073

4x 103

3x 1073

2x 107"

1.0

1000 o "'1
=5 (°K ™)

F'igure 8-3. Electric Conductivity of Quartzite Showing

Anomalous Arrhenius Plot Due to Loss of Water
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The éléctric‘conductivity, o, of a specimen containing n mobile particles of
charge ize per unit volume is given by

o = zepn = Z.—Q-qﬁ}— (8-6)

n

where z is the valence of the conductive particle (or-vacancy), and e is the
electronic charge.

The diffusion coefficient (D). is related to mobility by the Stokes-Einstein

equation (Ref. 7):

D=—pn (8-17)

where k is‘the Boltzmann constant, and T is the absolute temperature.
Combining. Equations (8-1), (8-6), and. (8-7) leads to

12
o=we'' = zenp = (_z_i_)T_n_D__ (8-8)
Hence,
e s (ze)z.nD - (ze)2,nD (8-9)
WKT 2 kIT

where f is the {requency at which the imaginary component, € . of dielectric
permittivity, or dielectric loss, is measured,

Diffusion in solid media is regarded as an activated process (Ref. 8) with
the diffusion coefficient usually given by

D = D, e~ Q/RT (8-10)

2816-3001
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Equations (8-3), (8-9), aad (8-10) show that the activation-energy is really
the same quantity for dielectric loss, corductance, and diffusion.

Zener and Wert (Ref, 9) made an estimate of the entropic or the pre-
exponential term Do in Equation (8-10) for activated diffusion. They assumed
that the diffusion activation-energy (Q) is spent in deforming the crystal lattice
elastically in the vicinity of the saddle point, Although Zener's treatment
applies for metallic lattices, it canbe extended to.compounds by assuming
their Jattices to be represented by two interpenetratin:, elemental lattices.
The Zener model also pictures the energy changes associated with diffusional
motion as reflected in elastic strains in the lattice. The free energies of
formation aknd-motion are accordingly treated as elastic strain energies, and
the entropic term is .determined from the measured temperature variation

of the elastic properties. The frequency factor in Zener's model is accord-
ingly given by

m (8-11)

‘where § is the average jump distance; v is the Debye frequency; \ is an
empirical constant equal to a 0.55 for substitutional diffusion in fcc lattices,
and 1. 0-in bee latticices, and equal to 0.35 for interstitial diffusion;
€ = - g__._l_o%_g is. related to the temperature derivative of the elastic

d ‘T”'

“m

shear modulus p; Q is the measured activation energy for the diffusion process;
and Tm is the melting temperature of the diffusion medium.

The foregoing relationships are given to 1llustrate that dielectric measure-
ments on rocks can reveal some of their thermophysical and mechanical
properties that are obviously needed for scientific optimization of the rock
fragmentation process.
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SECTION IX

TECHNICAL REPORT SUMMARY AND RECOMMENDATIONS
FOR FUTURE. WORK

A Boonton 250A RX Bridge was selected.to measure the complex permittivity
of rock samples over the frequency range 1’07 Hz to 2.5 x= 108 Hz. A slotted-
line heterodyne detection was assembled for measurement:of complex per-
mittivity over the frequency range 108 Hz to. 4 x 109 ‘Hz., The lattéer system.
consists of a GR900LB slotted-line, seveéral GR unit oscillators, an HP sweep
oscillator, a-crystal mixer, and.a 30 MHz IF amplifier-detector, ;

Accurate dielectric measurements.on low-loss rock samples require very
precise measurement of high standing-wave ratios with the slé¢tted-line
equipment, The square-law detector probe supplied with the slotted line is
satisfactory for conventional transmission-line measurements. where standing-
wave ratios are usually less than 20. However, the detector response did not
follow an ideal square-law characteristic at low levels, and the sensitivity
was not sufficient for accurate measurements of the minima in the standing-
wave pattern. Heterodyne detection was thus used in all of the slotted-line
measurements to provide the necessary sensitivity and linearity.

Heterodyne detection requires a separate local-oscillator source in addition

to the r-f generator used to drive the transmission line. Both r-f sources
must be very stable .in frequency to keep the difference frequency centered
within the i-f amplifier response curve during the measurement interval, A
stable local-oscillator source covering the frequency range above 2 GHz was
not available until the end of the contract period, and there was insufficient
time to perform the desired measurements in the 2- to 4-GHz range. It should
be possible, however, to extrapolate the dielectric constant and loss tangent
data considerably beyond the 2-GHz measurement limit because there is no
experimental or theoretical evidence of dispersion in this frequency regime,
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'Theﬂ 2. -?t&GH;~ fxéi;ueixéy aﬁocéfé&‘ for 1adustrial, scientific and. medical usés
i§.0f .considerable interest:for rock-ffagrpentatibn‘ studies., This frequency
is well within:the valid.extrapolation range-of thé data.

The first ¢oaxial samf)l‘e Holder used in this investigation consisted of 'GR874
?aip'fiihé with a brass center conductor, Rock sampies of basalt, granite, and
.quértzite infcylgindfr"{,i'é:a‘l form. and of the proper outside diameter were provided
by the U.S. Bureau of Mines, Twin Cities. Mining Research Center. A hole
drilled along the cylindrical axis of each rock sample accepts the central

conductor of the sample ‘holdér, ' Despite delays due to drilling machine mis=~

alignment, d;'iiil-ibrégka’ge and nonuniform drill travel, it was possible ¢{o secure

a few ppég‘iéioii drilled samples for use in the slotted line. A second coaxial
sample holder consisting of GRY00LZ precision air lines and a silver plated
center conductor was. procured. A new set of rock cylinders to fit the new
sample holder wag obtained.

Ovér the frequency rang‘é 107 to ‘108 Hz, five data point$ of the complex per-
mittivity were taken for Dresser basalt, charcoal granite, and Sioux ‘
quartzite: using the RX bridge. Thé measurements were in error at the higher
frequencies due to the invalid lurnped-circuit assumptions at these frequencies.
Slotted-line measurements were made over the frequency range 3.x -1‘08 to

2 x 109f Hz. Approximately seven data:points were collected for each rock
type. Measurements were taken at rock sample quarter- and nalf-wave
resonance conditions. Iere the rock length limited the low-irequency end

of the measurements, FEach datapoint requires a knowledge of the position
of the standing wave minimum from the sample input and the width of the wave
at that standing wave minimum, The minimum position: gives the real part of
dielectric permittivity, and the width of the minimum gives a measure of the
loss tangent and hence the imaginary part of dielectric peirmittivity. The
least error in rneasuring the real component of permittivity occurs at half~
wave resonance, and the least error in measuring the imaginary component
of dielectric permittivity occurs at quarter-wave sample resonance,
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_Since a lumped circuit approach is invalia above 4 x 197 Hz, transmission-

line teé}‘mi_ques must be used. Difficulties in measurement then arise-due to
inaccuracies in line iength determinations and nonuniformity of loss. param-
eters throughout the lines. Te¢ reduce the uncertainties in dielectric mea-
surements, a method depending on samples of various. lengths should be
devised in futufe work to.eliminate the need of knowing.accurately the length
of the transmission line. Slotted-line' measurements should.be extended out-
side of the quarter- and half-wave resonance condifions.

The variation of elf and ¢ If' with frequency for the thrée rock samples of basalt,
granite, and quartzite indicated the absence of dielectric dispersions in the
frequency range 107 to 10° Hz. Hence, dielectric relaxation is absent in
rocks at these high frequencies; apparently because the atoms and electrons
in the rock are able to faithfully oscillate with the field with no time lag.
Dielectric¢ polarization by electron motiou results from electrons moving
relative to the nucleus in an atom -or ion under the influence of an external
electric field., The time required for polarization-by.electron displacemsent

-15 -16

is of the order of 10 to 10 second, which requires frequencies much

higher than-those investigated in this research. Hence, dieleciric permit-

tivity of rocks caused by eleciron displacement shows no dispersion over the

whole frequency range {rom zero to optical frequencies. Polarization by

13 -12
to 10

second., Tor a:material to exhibit.dielectric relaxation due to thic iype of

12 Hz (0.03 cm wavelength in the

ionic or atomic displacement requires times of the order of 107

polarization, frequencies of the order of 10
infrared part of the spestrum) may be needed. For larger structural units
in rocks, dielectric relsxation was found to occur in rocks (last year's
research, final report Z9506-3007) in the kHz frequency range. IHence, the
displacement of some local structural units (structons) in rocks requires
times of the order of 10'2 to 10"3 second, The absence of dieleciric relaxa-
tion and the consequent inability to measure rock relaxation times or turnover
‘requenczies in this year'e research suggests the absence of smaller structural

units in rocks that can resonate I the frequency range 107 to 109 Iz,
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The slotted-line equipment was adapted to enable measurements.of rock
dieleétr;ic parameters at elevated temperatures. The equipment modifications
included a temperature-regulaied-oven, a temperature-isolating section of
coaxial line between the slotted-line and sample holder, a heat sink at-the
input to the slotted line, and an inert gas (argon) supply into the sample
holder toprevent corrosion. of its inside surfaces.,

Rock complex permittivity data were gathered between 25 and 450°C at 50°
intervals. Data for basalt could only be taken up to 300°C due to higher order
resonance modes that caused inaccurate readings. Data for quartzite could
only be taken to 300°C due to rock sample deterioration. No-.data were taken
-above 450°C to-prevent excessive samplé-holder deterioratiom.,

The temperature variation of the real part of dielectric permittivity has been
successfully analyzed in the light of the Clausius-Mosotti equation. Dielectric
permittivity caused by electronic or atomic displacement is practically inde-
pendent of temperature. Unless the number density of thesé elementary
particles shows a significant decrease with rise in temperature (as with gases
or liquids), the dielectric permittivity of rocks due to-elecironic or atomic
polarization should not change with temperature, The observed change in
rock permittivity can therefore be safely assumeéd to be due to the polariza-
bility of the local structural units (or structons), The change in polariza-
bility (¢ volume) of these structons with temperature is, therefore, respon-
sible for the change in dielectric permittivity with temperature, their total
number remaining constant in a given rock sample, By slightly modifying the
terminology of polarizability in the Clausius~Mosotti equation to include the
polarizability of the structon (refer to Section VII), it was possible to relate
the isobarric thermal expansion coefficient to the temperature coefficient of the
relative dielectric constant, On this basis, the volume expansion coefficients
of the three rocks investigated have been determined from the temperature
coefficient of their relative dielectric constant, The coefficient of volume
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expansion of rocks has been found to vary with temperature (Figure 7-1) in
an unpredictable mannér, In well-behaved systems, thermal expansion
coefficients are expected to increase slightly and monotonally with tempera-
ture according to the»Gr't‘meisen's formula (Ref, 10). Structural and phase
transitions in rocks might be responsible for the maxima occuring in their
thermal expansion coefficients (Figure 7-1). Validation.of these cohclusions
and -of this novel method to determine rock volume expansion coefficients is
recommended for future research. Accurate knowledge of the volume expan-
sion coefficient is required for optimization of rock fragmentation processes
by a combination of dielectric heating and-thermal stress fracturing.

The variation with temperature of the relative dielectric loss was .found to
follow the Arrhenius relation for basalt and granite. Because dielectric loss
is interlinked with electric conductance, the activation energies obtained from
the Arrhenius diagrams (Section VIII) would give a measure of the energy
height of the "saddle point" Zor particle diffusion in the rock lattice. Rock
mechanical and thermophysical properties can be derived from this type of
étudy in the light of a solid~-state diffusion model. For example, the Zener
and Wer. diffusion model (Ref, 9) can relate the entropic or pre~exnonential
diffusion térin to the De'wye frequency and to the temperature derivative of
the elastic shear modulus in rocks. The present research il}ustrates only
the beginning steps in this somewhat a~ademic but nevertheless important
information on rock thermophysical properties, The relationships between
dielectric loss, rock conductivity, diffusivities in rocks, etc., is another
area of research that should be pursued by further research.
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